Abstract: This report summarizes the state of the practice for the effective management of munitions constituents using alkaline amendments. It includes the wide variety of laboratory results that delineate the reaction kinetics and transformation products of alkaline hydrolysis. It also describes the field demonstrations that have proven the worth of alkaline amendments on both active training ranges and former defense facilities. Alkaline hydrolysis has been extensively studied for the degradation of secondary explosives in aqueous and soil systems. Laboratory studies have determined that the end products of alkaline hydrolysis are mostly small compounds that are readily biodegradable in natural systems. A well-mixed application of hydrated lime has been shown to reduce the concentration of explosives in soil and the concentration of explosives leaving soil lysimeters as both leachate and runoff. Field studies have proven the technology at both active training ranges and formerly used facilities. The total of the work performed to date has demonstrated alkaline hydrolysis to be a safe, effective, and cost-efficient method of managing or treating munitions constituents in soil. It has gained regulatory acceptance for soil remediation activities, and is a valuable technique for Army environmental practitioners.
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The Environmental Quality and Installations Program investigates effective management techniques for MCs in soil. Some of the proposed techniques include controlled burn management, near surface biological treatment, and alkaline hydrolysis. Alkaline hydrolysis makes use of a well-known reactive pathway for explosive compounds. Engineering this reactive pathway to provide a means of controlling or eliminating munitions constituent residues from soils at Army facilities has encompassed studies within the laboratory and in the field.
This report summarizes the state of the practice for the effective management of munitions constituents using alkaline amendments. It includes the wide variety of laboratory results that delineate the reaction kinetics and transformation products of alkaline hydrolysis. It also describes the field demonstrations that have proven the worth of alkaline amendments on both active training ranges and former defense facilities. The total of the work performed to date has demonstrated alkaline hydrolysis to be a safe, effective, and cost-efficient method of managing or treating munitions constituents in soil. It has gained regulatory acceptance for soil remediation activities, and is a valuable technique for Army environmental practitioners.
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Foundations of Alkaline Hydrolysis
Alkaline degradation of munitions constituents in aqueous systems
The transformation of 2,4,6-trinitrotoluene (TNT) in basic solutions has been established since 1891 (Janowsky 1891). Additional work was reported on the alkaline hydrolysis of TNT by Urbanski (1964) , but serious investigation of alkaline hydrolysis as an environmental management technique began with the increased regulatory interest in munitions constituents in the late 1990s. Saupe et al. (1998) reported complete transformation of TNT in aqueous solution at 80 °C and pH 14 after 4 hr. Arienzo (2000) has also reported complete degradation of TNT in CaO2/Ca(OH)2 slurries. The exact mechanism of TNT degradation in alkaline solutions has not been determined, though a Meisenheimer charge complex has been hypothesized (Saupe et al. 1998) . Hansen et al. (2001) observed complete destruction of TNT in water during alkaline treatment with potassium hydroxide resulting in non-toxic end products. Davis et al. (2007a) observed separate groups of reaction products, depending on the solution pH. Reactions occurring at pH 10.5 produced large molecules capable of polymerization. Reactions occurring at pH 11 and above resulted in small molecules that were easily biodegradable ). Emmrich (1999) completed a kinetics study, and reported TNT half lives ranging from 26 to 2 hr at pH values from 11-12. Hwang et al. (2005) observed slower rates in continuous stirred tank reactors. Felt et al. (2001) observed pseudo-first order kinetics with respect to TNT concentration with complete removal within 40 min at room temperature. The observed rates of degradation for TNT in aqueous systems are summarized in Table 1 . Similarly to TNT, the hydrolysis of RDX in alkaline solutions has been observed for quite some time (Epstein and Winkler 1951, Jones 1954) , although early efforts were focused on developing methods for quality assurance analysis of finished RDX. The end products of alkaline hydrolysis of RDX were observed by Hoffsommer et al. (1977) to be nitrite, nitrous oxide, ammonia, nitrogen, formaldehyde, and formate, with the relative amounts being determined by the reaction pH. The end products of alkaline hydrolysis at pHs above 12 are primarily formate and nitrate (Davis et al. 2007a ). Balakrishnan et al. (2003) proposed a detailed mechanism of alkaline destruction of RDX. Kinetic rates for this reaction have been reported in aqueous solutions (Heilmann et al. 1996 , Hwang et al. 2006 Gent (2007) performed alkaline batch studies with simulated groundwater containing 100 mg/L of calcium chloride at 25o °C. Gent et al. (2010) studied RDX degradation in industrial waste stream samples using a semi-batch alkaline treatment reactor. The observed rates of degradation for RDX in aqueous systems from Heilmann et al. (1996) , Hwang et al. (2006), and Gent et al. (2010) are summarized in Table 2 .
While TNT and RDX are the major high explosive compounds used in military munitions, other compounds are used and have been investigated for alkaline degradation. Aqueous octohydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX) undergoes an alkaline decomposition similar to RDX, though this reaction has been observed to be slower (Epstein and Winkler 1951) . Heilmann et al. (1996) observed a first order reaction rate for the alkaline degradation of HMX that was two orders of magnitude slower than that observed for RDX. Alkaline hydrolysis of the caged nitramine 2, 4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazatetracyclo [5.5.0.05,9.03,11] dodecane (CL-20) has also been investigated. Balakrishnan et al. (2003) observed a half life of roughly 1 hr for CL-20 in pH 10 solution. Their observed end products were nitrous oxide, nitrate, ammonia, and formate, although the intermediate products were not determined. Santiago et al. (2007) observed half lives ranging from 87 min to 18 sec for solution pH from 10-12.5. The observed rates of degradation for HMX and CL-20 in aqueous systems are summarized in Tables 3 and 4 , respectively. Propellant residues have to date been studied less than secondary explosives. Studies have shown the susceptibility of nitrocellulose to alkaline degradation (Kenyon and Gray 1936) . Kim et al. (1998) have demonstrated the ability of high strength caustic solutions to render nitrocellulose biodegradable.
In summary, alkaline conditions are sufficient to degrade a wide variety of munitions constituents to biodegradable end products. The nitramine secondary explosives (RDX, HMX, and CL-20) investigated breakdown to formate, formaldehyde, nitrate, nitrite, and nitrous oxide with relative reaction rates of CL-20 > RDX >> HMX. TNT degrades readily with ring cleavage leading to formate and nitrate products at pH greater than 11. At relatively lower pH, an alternate degradation occurs, which may result in polymerization of the TNT molecule. The end products of both pathways are biodegradable.
Alkaline degradation of munitions constituents in soil systems
Several studies have demonstrated the efficacy of alkaline hydrolysis for removal of munitions constituents from soil systems. Emmrich (1999 Emmrich ( , 2001 ) observed the degradation of TNT and important co-contaminants in 10:1 water:soil slurries using a highly contaminated site soil. The observed decay rates are listed in Table 5 . In general, 2,4-dintitrotoluene (2,4-DNT) and the amino substituted derivatives of TNT exhibited lower degradation rates, but all were amenable to alkaline treatment. Table 5 . Observed decay of TNT and important co-contaminants in 10:1 water:soil slurries at 20 °C as reported by Emmrich (1999 and 2001) . Brooks et al. (2003) and Davis et al. (2006) studied a wide range of contaminated site soils from Army installations. Soil microcosms containing 5 g of contaminated soil were amended with 5% weight/weight (w/w) calcium hydroxide and 50% w/w water to replicate field conditions. The observed decay rates for TNT, RDX, and HMX are detailed in Table 6 . Treatment half lives for TNT are shorter than those observed for RDX, while HMX remains the longest at high pH. Davis et al. (2007b) observed the efficacy of alkaline treatment in soil mesocosms. These soil systems contained 50 kg of a contaminated site soil from the Nebraska Ordnance Plant. Alkaline treatment was affected by the addition of lime amendments either topically or well-mixed with the soil. The mesocosms were subjected to weekly rain events, and the soil concentration was observed over time. Results are summarized in Figure 1 . Hydrated lime (calcium hydroxide) and quicklime (calcium oxide) were each effective for degradation of RDX in the soil in well-mixed applications. Quicklime was observed to significantly raise the soil temperature, above 50 °C, within a few minutes. Hydrated lime did not raise the soil temperature significantly, so it was determined to be the most promising candidate for alkaline treatment of contaminated soils. Larson et al. (2007) completed a treatability study in meso-scale lysimeters using hand grenade range soils collected from Fort Jackson, SC and the United States Military Academy at West Point, NY. These systems were treated by a well-mixed application of hydrated lime. Example results of RDX reduction in the leachate are given in Figure 2 . Overall, the reduction in RDX leaving the mesocosms as both leachate and runoff was greater than 90% with application of hydrated lime. Larson et al. also observed that alkaline amendments were able to fix metals contamination in place on hand grenade range soils.
Munition Constituent pH

Practical implications for management of munitions constituents in the environment
Alkaline hydrolysis has been extensively studied for the degradation of secondary explosives in aqueous and soil systems. These laboratory studies have determined that the end products of alkaline hydrolysis are mostly small compounds that are readily biodegradable in natural systems. Laboratory studies have shown the potential for effective management of munitions constituents in soil systems through the application of an alkaline amendment such as hydrated lime [Ca(OH)2]. A well-mixed Table 6 . Observed decay of munitions constituents in soils with 50% w/w moisture and 5% w/w addition of hydrated lime as reported by Brooks et al. (2003) and Davis et al. (2006 ERDC/EL TR-11-16 9 application of hydrated lime has been shown to reduce the concentration of explosives in soil and the concentration of explosives leaving soil lysimeters as both leachate and runoff. Given this information, the engineering of an effective management technique will require the determination of: (1) how much amendment will be required for effective management of munitions constituents in a large-scale system? (2) will continued applications be required? (3) with what frequency will such applications be required?
Field Demonstrations
Redstone Arsenal, AL 
Site description
Redstone Arsenal, AL, was chosen as the initial demonstration area for alkaline management of munitions constituents. The demonstration was carried out within the safety cone area of a missile test range. A test area was defined to perform six separate sets of mortar round blow-in-place (BiP) operations. Three of the resulting BiP craters were treated with hydrated lime, and three craters were left untreated as a control. Each of the craters was sampled over a six-month period to quantify the explosives concentration distribution in the surface soil over time.
Demonstration goals
This study focused on treating the localized residues remaining after BiP operations by topically applying hydrated lime. The objective of this study was to delineate the efficacy of surface sampling, determine the relative disappearance rates of MCs on treated and untreated test plots, and quantify on-site treatment of MCs following BiP operations.
Demonstration approach
BiP operations were performed 26 October 2004 on a plot set aside by Test Area 6, Redstone Arsenal, AL. The plot is a well-drained grassy area bordered on the west and south sides by a commercial timber stand of mature loblolly pines. Access roads border the north and east sides of the test plot. The plot lies within the safety cone of an antitank missile test range; however, there is no record of munitions impact within the test plot. Prior to moving forward with the study, Test Area 6 completed an environmental risk assessment, which found no significant impact as a result of the activities relating to the study. As part of commercial timber management activities, the plot was burned off during the spring of 2004. Just prior to operations, grass on the test plot was tilled under by a disc cultivator, and operations were carried out on bare earth.
The test plot consisted of six sites available for BiP operations as detailed in Figure 3 . Sites 1, 2, and 3 were placed with centers 35 m apart on the west side of the test plot. Sites 4, 5, and 6 were also 35 m apart on the east side of the test plot. A grassy strip approximately 50 m wide was left between the west and east sides of the test plot. The BiP setup is shown in Figure 4 . At each test site, five 60-mm mortar rounds were sequentially blown in place, each using one block (565 g) of C4 placed directly on the casing. The C4 donor charge consisted of 91% RDX and 9% plasticizer. Detonations were instigated using two blasting caps with 5-min fuses. 60-mm mortar rounds contain 360 g of composition B (Comp B). Comp B consists of 60% RDX, 39% TNT, and 1% wax. In total, 3.9 kg of RDX and 0.7 kg of TNT were detonated at each BiP site. By visual inspection, all detonations were high order.
Following BiP operations, sites 4, 5, and 6 were each treated with hydrated lime. Site 4 is shown in Figure 5 after treatment. High calcium hydrated lime (Brenntag Inc. Madison, AL) was applied with a 5-ft drop spreader (Garber Seeder Co. South Charleston, OH) pulled behind an all-terrain vehicle. On each of the treated sites, 227 kg of lime was applied across a 30-m by 30-m square centered on the BiP crater. Because of the depth of disturbance, lime was applied manually in the craters. Effort was made visually to apply the lime as evenly as possible with a resulting average application of 2.52 tonne/hectare.
Results and lessons learned
BiP operations and subsequent sampling events were performed between 26 October 2004 and 27 April 2005. Over the course of the study, 86.39 cm of rain fell at the test plot. November and December saw the heaviest monthly rainfall with 20.09 and 23.75 cm, respectively. These two months were above normal for rainfall, but the remaining four months of the study saw normal or below normal precipitation. On the untreated sites the median pH for the top 1 in. of soil was 5.85 (n = 311). Sites treated with hydrated lime exhibited a median pH of 7.63 (n = 375) in the top inch. From month to month, the soil pH did not change significantly in either the treated or untreated sites. By the end of the study, most of the hydrated lime had disappeared from the soil surface, and mixed grasses had re-established on both the treated and control sites. The presence of mixed grasses indicated that the soil conditions had returned to pre-treatment conditions.
Representative RDX results from control and treated sites are detailed for 27 October 2004 in Figure 6 . Sites 1 and 4 contained 10 and 11 sampling areas, respectively, in which the concentration of RDX in the top 1 in. of soil was greater than 2 µg/kg. Site 5 contained 12 sampling areas with RDX concentrations above 2 µg/kg. An estimated total mass of 45 mg of RDX was deposited on the one control site sampled on 27 October (site 1). By this measure, each BiP round deposited approximately 9 mg of RDX, 0.0012% of the total RDX detonated, to the environment. By contrast, live fire tests have demonstrated an average RDX deposition of 0.000034% for proximity fused 60-mm mortar rounds (Hewitt et al. 2005) . Samples taken immediately following lime application on the treated sites (sites 4-6) yielded an estimated total mass of 25 mg RDX per site.
The total estimated mass of RDX per site on both the treated and control sites is detailed in Figure 7 . At the beginning of the study, control sites contained an estimated 45 mg of RDX per site after BiP operations. Treated sites in the same time frame contained an estimated 25 mg of RDX per site. After the initial sampling event, both treated and untreated sites exhibited a general trend of RDX disappearance. The most apparent difference between the treated and control sites occurs at the onset of the study when half as much estimated RDX mass per site was observed. This is consistent with laboratory observations that the hydroxide-RDX reaction is relatively rapid, with an observed half life of 83 min at pH 12.5 (Table 2) . Aside from the immediate observed effects of hydroxide addition, further effects could not be quantified. Comparing RDX concentrations and mass estimates between the treated and untreated sites suggests that the topical addition of hydrated lime had an immediate effect on RDX concentration. As the study progressed, a difference between RDX concentrations on the treated and untreated sites became less clear. Two improvements for further demonstrations were identified: 1. Pore water lysimeters are necessary to quantify the mass of explosives leaving the site through dissolution/infiltration. This mechanism may be responsible for RDX disappearance from the control sites. 2. Better observations may be made on active ranges where continuous explosives training provide a greater mass for measurement. 
Site description
The Remagen Hand Grenade Range (HGR) at Fort Jackson, SC, has four throwing bays. These bays and supporting areas are used for hand grenade familiarization and instruction during basic training. Each of the throwing bays is a roughly triangular area of sandy clay soil separated from the other bays by earthen berms. The HGR typically operates 5 days per week throughout the year. Approximately 55,000 hand grenades are thrown per year for training purposes on the range. During the field demonstration the "boom count" or the number of hand grenades thrown per test bay was recorded daily and averaged approximately 13,750 grenades per test bay per year. Routine range maintenance of the untreated bays during the field demonstration consisted of the reapplication of top soil during the slow training periods (typically twice a year around the months of December/January and June/July). In addition, the bay impact area was regraded to smooth out divots when deemed appropriate by the range managers and range cadre personnel.
Initial soil samples were collected from each bay along with core samples to determine the preliminary explosives and metals concentrations of the HGR soil. Using the preliminary investigation, two bays were identified as highly comparable and selected for the study. Bay 2 was used as the control and, after the installation of sampling equipment, operated as usual. Bay 4 was the test bay where lime was applied to the soil after the installation of sampling equipment.
Five suction lysimeters were placed approximately 1.52 m (5 ft) below ground surface (bgs) under the main impact area for each test bay. In addition one sump was placed under the main impact areas for each test bay. Two surface water samplers were placed in the main runoff flow areas of bays 2 and 4. Sumps and lysimeters were placed three months prior to actual liming in order to obtain baseline data for explosives and metals in pore water and surface waters.
On the basis of research by Jenkins et al. (2006) and Johnson et al. (2010) , 25 point composite soil samples were collected from eight sampling areas within each bay (numbered 1 to 8 on Figure 8 ) to a depth of approximately 7.62 cm (3 in.). The composite samples were homogenized, extracted, and analyzed for explosives and metals content. Twenty-five point composite soil samples were also collected from three sample areas offsite from the main impact area of the bays (numbered offsite 1 to 3 on Figure 8 ). 
Demonstration goals
The overall objectives of this study were to evaluate and develop a management technology to control active grenade range contaminant mobility with the application of lime to the range at the field demonstration site, Fort Jackson, SC. The primary objective of the study was to demonstrate reduced soil concentration and mobility of explosives and metals as a result of lime addition. Alongside efficacy, the ease of use and industrial hygiene profiles of lime addition were also evaluated. 
Demonstration approach
A rapid sampling procedure was devised that caused no impact to range training, so the limed and control bays were divided into eight sample areas that ranged from approximately 42 m² (~450 ft²) to 150 m² (1,600 ft²) (Figure 8 ).
Results and lessons learned
The average soil RDX concentrations per bay throughout the field demonstration are presented in Figure 9 . There were low concentrations of RDX in the surface soil during the months of January 2006 and prior to the July 2006 sampling event due to range maintenance operations that placed additional top soil in the bays. The top soil was applied to fill in divots generated by grenade explosions and to adjust the surface water flow for Bay 2. This addition of top soil placed relatively clean soil on top of the treatment area resulting in a reduction of the soil pH in that area and, therefore, a reduction in the alkaline hydrolysis transformation of the explosive. 
Study Date
The average RDX soil concentrations in the eight sampling areas of bay 4 over the duration of the field demonstration are listed in Table 7 . In general, the average RDX soil concentration was decreased per bay sampling area with the addition of the lime to the soil. The decrease in the RDX soil concentration can be attributed to several factors including the alkaline hydrolysis that occurred within the 24-hr period from the time that the soil was initially sampled to when the post-liming sampling occurred. The mixing of the lime into the soil also made the soil more homogeneous prior to sampling, reducing the sample variability. One of the factors that needed to be determined during the demonstration was the frequency of lime addition required to maintain treatment effectiveness. Figure 10 illustrates the soil pH values determined during the field demonstration at Fort Jackson. The soil pH in the treated bay (bay 4) varied with the application of lime and there were extended periods of time during the study when soil pH in the treated bay was below the pH levels needed for RDX transformation. Soil pH remained relatively constant, around pH 7, in the untreated bay (bay 2). The treated bay had high pH values immediately after a liming event, and then the soil pH gradually declined until the next liming event. Based on the average pore water concentration in the treated and untreated bays over the demonstration period, there was a 77% reduction in RDX concentration in pore water from the treated bay. The average pore water RDX concentration was consistently less in limed bay 4 than control bay 2, throughout the duration of the field demonstration ( Figure 11 ). There is a statistically significant difference between the explosives concentration in the pore water from the untreated vs. the limed bays (P = <0.001). There was also less variability in sample concentration between the monthly averages from the treated bay than the untreated bay.
In November and December 2006, no samples were available for analysis due to the temperature and weather conditions at the range; the lack of rain and drought-like conditions leading up to these sampling events limited the available pore water that could be extracted with the suction lysimeters. Figure 12 shows the average, high, and low concentrations that were detected in each lysimeter during the field demonstration samplings. Figure 12 also illustrates the very low variance recorded between samples from the treated bay versus the high sample variance recorded between samples from the untreated bay.
The average RDX concentration in the pore water from the untreated control bay, bay 2, was 0.3597 ± 0.25 mg/L. The average RDX in the pore water from the five lysimeters of the treatment area over the course of the study was 0.0911 ± 0.04 mg/L, a 75% overall reduction. The mass of RDX lost in the pore water can be calculated using the concentration and the volume of water collected at each sampling event ( Figure 13 ). The total mass of RDX lost in the treatment bay was significantly less than in the untreated bay. The results shown in Figure 13 represent the mass of RDX in milligrams present in the volume of leachate water removed from each of the 10 lysimeters. Stacked by sampling date, the larger RDX losses present in both sets of lysimeters in January 2006 were clear and reflected the large volume of water collected throughout that month. Following periods of low rainfall, smaller volumes of water were collected and the resulting mass of RDX present in the leachates collected was low. The optimal baseline explosives concentrations were not obtained in the 3 months prior to the initial liming event due to unexpected drought conditions. Although not optimal, semi-baseline values were obtained twice during the course of the study. Two lysimeter samples were obtained during a period when there was an inadequate lime concentration in the soil above the lysimeters. These two data points from bay 4 and the results for the controls indicate significant masses of RDX would leach towards groundwater without the lime treatment. Untreated bay 2 was used as the pore water control. Based on the average pore water concentration in the untreated bay, there was a 77% reduction in RDX concentration in pore water from the treated bay. Individual sampling events achieved >80% reduction.
The application of the lime was accomplished easily within 4 hr with the proper tools and equipment. The cost of the lime was approximately $400 per application on bay 4. It was determined that for the soil, climate, and range use conditions at the Fort Jackson HGR, the bay would have to be limed on a quarterly basis to maintain the pH above 10.5. This would increase the frequency of routine maintenance done on these ranges from typically twice a year to once every quarter. 
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Additional factors that may affect frequency are weather conditions on the range, and frequency and type of range maintenance operations. In order for the munitions constituents to migrate off a range there must be either rain or wind to transport the soil and associated munitions constituents. For example, in a dry region with little wind, the use of lime may be limited to known rainy seasons because munitions are not likely to be transported. Or in a very rainy area, the application rate of lime may be more frequent than quarterly due to the dilution and buffering effects associated with the weather patterns. In addition, the normal addition of top soil to the range to fill in divots or re-grade berms will dilute the lime and possibly give the soil additional buffering capacity. Pre-mixing lime with the top soil before filling in divots would remedy this potential problem.
Together, the results indicate that lime addition can be an effective treatment for munitions constituents on ranges, and this method does not appear to pose adverse side effects to the surrounding environment if applied properly and monitored on a regular basis.
Volunteer Army Ammunition Plant, TN
In June 2006, Tetra Tech was awarded a $20 M Guaranteed Fixed Price Remediation (GFPR) Performance-Based Contract (PBC) to complete required environmental restoration services at the former Volunteer Army Ammunition Plant (VOAAP) in Chattanooga, Tennessee. Tetra Tech's team of remediation experts reviewed and researched alternative creative approaches and in June 2007 embarked on a treatment process that was then in its infancy, having been applied only in the laboratory. After researching innovative ideas and further evaluating site conditions and requirements, Tetra Tech examined the option of treating VOAAP soils using alkaline hydrolysis; this remediation process was untested in practice for large quantities of soil with DNT and TNT.
Site description
Volunteer Army Ammunition Plant is a former government-owned facility for the production and storage of TNT (Figure 14) . amounts of highly recalcitrant nitroaromatic (TNT and DNT)-contaminated surface soil (0 to 20 ft below ground surface). Site characterization work in 1995 (Packer 1996) found large volumes of soil contaminated with 2,4-DNT and 2,6-DNT.
Project goals
Rather than a technology demonstration, the project undertaken at Volunteer Army Ammunition Plant was a full-scale remediation action. Cleanup of contaminated soils has taken place with the regulatory oversight of the Tennessee Department of Environmental Quality. The soil cleanup goals were 57 mg/kg for TNT and 25.4 mg/kg for total DNTs.
Approach and results
The testing process began by performing a series of in-house soil laboratory experiments, in which various chemicals, catalysts, and pH enhancers were examined in combination, and applied to soils which had starting concentrations approaching percent levels of nitroaromatic compounds. Results demonstrated that this new combination of chemicals could reduce nitroaromatic compounds to less than 10 mg/kg within a period of one week in the laboratory. The testing also found that intermediate toxic compounds did not accumulate. The only final product of note from the reaction was nitrite, which was shown to be easily destroyed via a denitrification process if the need ever arose in the field.
Two months after the bench-scale successes, Tetra Tech applied the technology in a field pilot test to approximately 1,200 tons of contaminated soil with similar results. Since then, over a two-year period, Tetra Tech has successfully treated approximately 150,000 tons of impacted soils and destroyed approximately 148,000 lb of nitroaromatic compounds with an average contaminant mass reduction of 96%. In an effort to further the application, Tetra Tech received regulatory concurrence that remediation could also be performed in situ, eliminating the need to excavate soils for ex situ treatment. Since then, over 15,000 tons of soil has been successfully treated in situ reducing costs by over 25%.
The basic ex situ treatment process involves the excavation of contaminated soil to a lined basin onsite. A typical excavation is shown in Figure 15 . Caustic reagents in pellet form are added at a 1-to 2-% w/w (depending on the starting concentrations, starting pH, and the buffering capacity) along with small quantities of metal catalyst, if needed. The soil is treated in 300-yd 3 batches. The chemicals are thoroughly mixed into the soil using conventional equipment. Water is added as needed to increase the moisture content to near saturation.
Mixing ( Figure 16 ) is repeated two to three times a week and samples are collected for moisture content and pH, which are critical field monitoring and effectiveness parameters. After one week, soil sampling is performed per site-specific sampling protocol and analyzed for contaminants of concern and known breakdown products. If needed for soil with higher concentrations of explosives, caustic reagent is supplemented to maintain the pH at the 13.0 unit level. Soil continues to be treated until TNT and DNT concentrations are below cleanup levels (57 mg/kg for TNT and 25.4 mg/kg for total DNTs).
Metals were also analyzed periodically and TCLP tests were performed per site treatment goals. When needed on a small percentage of batches, soil was denitrified to lower the nitrite end-product using citric acid as the pH reducer and carbon substrate. After complete treatment, the soil is transported back to the excavation. In situ treatment is performed similarly to ex situ treatment using conventional equipment and designed quantities of chemical reagents, with the exception that soil is not transported to the basin, but treated in place. The in situ treatment process is shown in Figure 17 .
Cleanup of soil has generally continued through the winter months, although mixing is more challenging during these months and kinetics are slower. However, daytime temperatures in the area indicate that chemical treatment should continue to occur. During wetter times of the year, the runoff water from the treatment basin is diverted to a second lined basin, where it undergoes conventional water treatment using activated carbon and filtration techniques, before being re-used for the treatment piles (if needed) or discharged to the city sewer.
The cleanup action at Volunteer Army Ammunition Plant is a successful application of alkaline amendments to remove recalcitrant munitions constituents (DNTs) from soil. This has been accomplished at low cost under a performance-based contract with regulator approval. 
Summary
Alkaline amendments effectively manage munitions constituents on active training ranges and provide a valuable cleanup technique for in situ or ex situ application. Successful applications so far have used hydrated lime (CaOH) and pelletized caustic (NaOH) depending on the required treatment pH. Important lessons learned during field application of alkaline technology include:
1. Alkaline amendments are easy to apply using standard equipment. Depending on the application, some range management activities can be accomplished a few times a year with a 50-lb bag of hydrated lime and a garden rake. 2. Alkaline treatment provides complete destruction of munitions constituents without the creation or buildup of harmful transformation products. 3. Various amendments may be applied to meet different treatment goals. 4. Alkaline amendments for the treatment of munitions constituents have received regulatory acceptance.
Best Management Practices for Implementation
Background Laboratory development efforts and field studies have demonstrated that alkaline hydrolysis is an effective management technique for munitions constituents in soil. Effective application of the technology depends on several factors:
1. What is the application environment? Active ranges, cleanup sites, demolition sites, etc. will each present different activity constraints, safety profiles, and contamination profiles. 2. What is the best choice of alkaline amendment? This will depend on the desired treatment pH, treatment time, and application environment. 3. How will the alkaline amendment be applied? Some application environments will allow for excavation and mixing of amendment, while others require topical application. Figure 18 is a flowchart that summarizes the guidelines for determining the most appropriate application method for an individual site. An active firing range requires treatment technologies that have minimal soil disturbance, requiring topical application of hydrated lime for most range applications. Therefore the fate of hydroxide (OH -) ions during transport through the soil is an important aspect of this remediation technology. Studies performed by the agricultural and oil industries provide evidence of the transport limitations of hydroxide ions in soils, particularly those soils with significant clay content (Breit et al. 1979 , deZabala et al. 1980 , Somerton and Radke 1980 , Smith et al. 1994 .
Predicting the alkaline material requirement
Because the alkaline hydrolysis reaction occurs in the aqueous phase, alkaline amendment must first dissolve into the soil pore water before the reaction can take place. Once dissolved, OH -ions can interact with dissolved energetic compounds. Alkaline material is neutralized over time by the natural buffering capacity of the soil. Hydronium (H + ) ions exchanged from low pH soils and metal cations interact with hydroxide (OH -) ions to mitigate the alkaline degradation of munitions constituents. Furthermore, hydrogen ions associated with various functional groups in humic matter may also dissociate under elevated pH conditions, and likewise inhibit alkaline hydrolysis of the explosive contaminants. Soil chemistry will therefore play an important role in energetics remediation through alkaline hydrolysis.
Microcosm studies conducted by Brooks et al. (2003) demonstrated that a well-mixed system using alkaline hydrolysis can remove explosive contaminants such as RDX and TNT from soils faster than the transport of these contaminants to groundwater. Alkaline hydrolysis also can increase the dissolution and transformation rate of solid explosives particles. TNT metabolites such as 2-amino-and 4-amino-dinitrotoluene (2A-and 4A-DNT) also undergo alkaline hydrolysis. Brooks et al. (2003) used larger, mesocosm-scale studies to determine the effects of soil characteristics on the removal of explosive compounds in well-mixed and topically applied lime treatments. They confirmed that RDX and TNT were readily removed from the soil and the leachate of well-mixed systems, but the removal rate from the topically applied systems was affected by the soil characteristics such as total organic carbon content (TOC) and cation exchange capacity (CEC). Davis et al. (2007c) determined the required lime dosage to meet treatment pH for several site-specific soils. Their results are summarized in Table 8 and the method for determining lime dosage is listed in the Appendix A. The lime requirement was calculated from a pH adjustment of 20-g soil microcosms in triplicate. The total lime requirement in tons of hydrated lime per acre-foot was calculated from these microcosms. The site-specific soils represent a wide range of soil types found on U.S. military installations (Table 9) . A similar determination may be quickly made for soils with an unknown lime requirement for treatment. Once the mass of lime (in grams) required to raise the pH of 20 g of soil has been observed, multiplying by 1,847 yields the estimated lime requirement in tons of lime per acre-foot. 
Summary and Conclusions
Alkaline hydrolysis has been extensively studied for the degradation of secondary explosives in aqueous and soil systems. Laboratory studies have determined that the end products of alkaline hydrolysis are mostly small compounds that are readily biodegradable in natural systems. A well-mixed application of hydrated lime has been shown to reduce the concentration of explosives in soil and the concentration of explosives leaving soil lysimeters as both leachate and runoff. Given this information, the engineering of an effective management technique will require the determination of: (1) how much amendment will be required for effective management of munitions constituents in a large-scale system, (2) whether continued applications will be required, and with what frequency.
Projects on active training ranges and formerly used defense sites have demonstrated the effectiveness of alkaline amendments for the management of munitions constituents in real world applications. This report presents the work to date and provides a basic rubric for framing the application of alkaline amendments in various field scenarios. The total of the work performed to date has demonstrated alkaline hydrolysis to be a safe, effective, and cost-efficient method of managing or treating munitions constituents in soil, making it a valuable technique for Army environmental practitioners. (Table A1 ) and add it to the soil. 5. Add 20 mL water to each beaker and start the slurry gently mixing. 6. Mix the slurry for 30 min ( Figure A1 ). 7. Take the pH of each slurry, beginning with the lime control, which will establish the initial soil pH. 8. Repeat the test twice more and average the pH achieved at each level of lime addition. Create a table of lime dose and pH (using the template shown in Table A2 ). 9. Plot the data on a graph with the amount of lime addition to the soil slurry on the X-axis and the resulting average pH on the Y-axis ( Figure A2 ). 10. A line drawn horizontally from the desired pH to the line formed from the experimental data and then dropped to the X-axis will provide an estimate of the amount of lime (per 20 grams of soil) that is needed to bring the soil to the desired pH. 11. This value is used in the calculation to determine tons of lime to be added to the soil for either a plowed-in treatment or a top-dressing treatment.
Calculation of lime dosage
The lime dosing rate has been determined above. The calculations must now account for density of the soil and density of the lime. The soil density is generally estimated to be 1.6 g/cm 3 or 100 lb/ft 3 . The lime density can be obtained from the MSDS sheet provided by the manufacturer, but can be estimated at 2.24 g/cm 3 , or 140 lb/ft 3 .
Soil volume * Soil density (est.) * Lime rate = total quantity of lime (A1)
Total quantity of lime * lime density = total volume of lime required (A2)
An example calculation is provided in Table A3 . In this case a 9-acre site was being limed to a depth of 6 in. (0.5 ft). The lime dosing rate was 0.5%. Performing the calculations above, the total quantity of lime to be applied was 49 tons or 26 yd 3 . For ease in purchasing, bulk lime is sold in 50-lb bags that make up pallets of 2 tons. 
